We demonstrate second-harmonic generation (SHG) in a silicon-carbide (SiC)-based heterostructure photonic crystal nanocavity by using a pulsed laser. We observe SHG light radiated from the SiC nanocavity and estimate the conversion efficiency in the cavity to be 2.59 × 10 −5 ( 0.15 W −1 ) at an average input power of 0.17 mW. The near-field patterns and polarization characteristics of the SHG light are investigated experimentally and theoretically, and the results are in qualitatively good agreement. The representative nonlinear optical phenomenon of second-harmonic generation (SHG) has been demonstrated in various semiconductor-based photonic crystal nanocavities [9] [10] [11] [12] [13] [14] [15] in which the interaction between the semiconductor and the incident light is enhanced. For example, Si-based photonic crystal devices can use their large surface to volume ratio to create SHG light at the interfaces where the centrosymmetry of the bulk material is interrupted [9] . However, SHG from Si surfaces is inefficient because only weakly evanescent components of the cavity electric field can be used. In addition, optical absorption of SHG light occurs in cavities fabricated from materials with small electronic bandgaps (E g ) of 1.1-1.4 eV such as Si, InP, and GaAs [9] [10] [11] [12] . SHG has also been demonstrated with GaP (E g ∼ 2.2 eV) [13, 14] , which prevents direct absorption, but it is more desirable to use materials with a larger electronic bandgap to obtain a broader SHG wavelength range and suppress multiple photon absorption.
Nonlinear optics, which seeks to harness optical responses in nonlinear media, has led to significant progress in not only photonics but also the more general fields of physics, chemistry, material science, and biology. The strong localization of photons in nanostructures, such as nanowires [1] , spheres [2] , plasmonics [3] , and photonic crystals [4] , enhances nonlinear optical phenomena beyond what is achievable in bulk materials. In particular, photonic crystal structures with subwavelength-scale periodic modulation of the refractive index provide dramatically enhanced nonlinear effects [5] and offer easy integration via resonators [6, 7] and waveguides [8] .
The representative nonlinear optical phenomenon of second-harmonic generation (SHG) has been demonstrated in various semiconductor-based photonic crystal nanocavities [9] [10] [11] [12] [13] [14] [15] in which the interaction between the semiconductor and the incident light is enhanced. For example, Si-based photonic crystal devices can use their large surface to volume ratio to create SHG light at the interfaces where the centrosymmetry of the bulk material is interrupted [9] . However, SHG from Si surfaces is inefficient because only weakly evanescent components of the cavity electric field can be used. In addition, optical absorption of SHG light occurs in cavities fabricated from materials with small electronic bandgaps (E g ) of 1.1-1.4 eV such as Si, InP, and GaAs [9] [10] [11] [12] . SHG has also been demonstrated with GaP (E g ∼ 2.2 eV) [13, 14] , which prevents direct absorption, but it is more desirable to use materials with a larger electronic bandgap to obtain a broader SHG wavelength range and suppress multiple photon absorption.
Recent demonstration of the SHG effect from a photonic crystal nanocavity in LiNO 3 (E g ∼ 3.7 eV) [15] also show potential, although nanofabrication of LiNO 3 remains challenging. We have developed advanced nanofabrication techniques for photonic crystals in silicon carbide (SiC) [16] . SiC is a high index (2.5) semiconductor with a wide electronic bandgap (3.0 eV) capable of broadband operation from infrared to visible wavelengths [17] and suppression of multiple photon absorption [18] . Furthermore, because hexagonal SiC polytypes have second-order nonlinear optical coefficients [19] , they are attractive materials for realizing nonlinear photonic devices that operate at high input powers and output over a broad wavelength range. However, SHG has not yet been demonstrated in SiC-based nanophotonic structures.
In this work, we demonstrate SHG in a SiC-based photonic crystal nanocavity. Experimental and theoretical near-field patterns and polarization characteristics of the SHG light from the cavity are presented and analyzed.
We prepared a 6H-polytype SiC-based heterostructure photonic crystal nanocavity, as shown in the scanning electron microscope (SEM) image in Fig. 1 , with a lattice constant a 1 550 nm in the cavity region and surrounded by a 2 540 nm elsewhere. The air holes had a radius (r) of 150 nm (r∕a 2 0.28) in both regions. Details of the fabrication process are described in [16] . The optical setup for measuring SHG in the SiC nanocavity is shown schematically in Fig. 1 . An input waveguide for injecting incident laser light into the cavity was placed near enough for evanescent coupling. The fundamental characteristics of the cavity were measured using a low-power, continuous wave (CW), wavelength-tunable laser (λ 1530-1620 nm). The resonant wavelength and Q factor of the fundamental cavity are 1560 nm and 10,000, respectively. To input high powers and enhance the nonlinear effect of SHG in the cavity, we used a wavelength-tunable, pulsed light source (λ 1530-1560 nm, pulse time width of 4 ps, and repetition rate of 50 MHz), with the center wavelength of the pulsed laser tuned to the resonant wavelength of the cavity (λ 1560 nm). The power of the pulsed laser was adjusted using an optical fiber amplifier (OFA). The fundamental light from the cavity was both imaged by an infrared camera and measured by a spectrometer with an InGaAs detector through an objective lens. To investigate the characteristics of the SHG light, a CCD camera, spectrometer with a Si detector, and a short-pass filter (λ < 1 μm) were used, as shown in Fig. 1 . Figure 2 (a) shows the measured characteristics of the SHG light radiated from the cavity. The fundamental spectrum of the nanocavity is shown in the inset. Comparing the SHG and fundamental spectra reveals that the measured center wavelength of the SHG light (780 nm) corresponds to exactly half the resonant wavelength (1560 nm) of the cavity. We also investigated the relationship between the fundamental input and SHG output powers [ Fig. 2(b) ]. Here, the input power is the average power of the pulsed light coupled to the input waveguide with efficiency ∼0.1. The SHG power is measured by the spectrometer in comparison to a reference laser of known power. As seen in the figure, the SHG intensity increases with input power. A fit to the data shows that the SHG intensity is proportional to the square of the input power, as expected for a second-order nonlinear effect. It is also noteworthy that there is no distortion of the fundamental cavity mode or saturation of the SHG light intensity even at the maximum input power of this experimental setup (0.33 mW average power, 1.55 W peak power). This implies that lossy processes, such as multiple photon absorption, do not occur in the photonic crystal nanocavity because of the large electronic bandgap of SiC [18] .
We also estimated the SHG conversion efficiency (η SHG ) in the cavity at the maximum input power. Here, we define η SHG P SHG ∕P in , where P SHG and P in are the powers of the SHG light converted in the cavity and the input power coupled to the cavity, respectively. The ratio of P in to the input waveguide light power shown in Fig. 2(b) is estimated to be 0.5 using coupled mode theory [18] . We also found, using 3-dimensional finite difference time-domain (3-D FDTD) calculations, that the ratio of the light radiated into the upper (observable) free space to the SHG light in the cavity was 0.24 (the portions of the SHG light from the cavity propagating in the plane of the SiC slab and radiating into the lower free space modes were 0.52 and 0.24, respectively). Furthermore, the coupling factor between the SHG light radiated above the slab and the objective lens with a numerical aperture (NA) of 0.4 was estimated to be 0.2 by our FDTD calculations. Therefore, the PSHG at the maximal P in of 0.17 mW [ 0.33 mW × 0.5, taken from Fig. 2(b) ] is estimated to be 4.4 nW ( 0.21 nW∕ 0.24∕0.2). This corresponds to a conversion efficiency of η SHG 2.59 × 10 −5 ( 4.4 nW∕0.17 mW), which can be expressed as a normalized conversion efficiency ρ SHG (P SHG ∕P 2 in ) of 0.15 W −1 . If a SiC nanocavity with resonance at both the fundamental and SHG frequencies could be achieved, much like the proposed designs for microring resonators [20] , a nanophotonic device with high-efficiency SHG and no optical absorption would be realized.
The experimental results of the near-field pattern and polarization of the SHG light are shown in Fig. 3 . The near-field pattern shows that the SHG light is localized near the cavity and radiated with a narrow shape along the cavity length (x direction). This near-field pattern is also quite different from that of the fundamental cavity mode shown in the inset of Fig. 3(a) . In addition, the SHG light radiated from the cavity is polarized mainly along the y direction which is perpendicular to the cavity length. To analyze the experimental near-field pattern and polarization plot, we calculated the electric field distribution of the SHG light in the cavity using the second nonlinear polarization (P 2ω ) [21]
where χ 2 and E ω are the second-order susceptibility and the electric field of the fundamental cavity mode at ω, respectively. Because we are considering a 6H-SiC and the E 
The electric field distributions of the fundamental mode were calculated using 3-D FDTD simulations, and the cavity was excited by light with a polarization of P 2ω z . The calculated electric field distributions of the SHG mode are shown in Fig. 4(a) (here, the refractive index of SiC is assumed to be 2.5 for both frequencies). The electric field components are mainly concentrated in the cavity region but there is some spreading of the field in the plane of the cavity in the y direction. The electromagnetic fields of the SHG light on the surface of the cavity were then Fourier transformed in two dimensions. The wave number components observable through the objective lens of NA 0.4 were extracted, and an inverse Fourier transform gave the observed near-field pattern and polarization [22] . Figures 4(b) and 4(c) show the calculated near-field pattern and polarization of the SHG radiation light, respectively. The SHG radiation has a horizontally long distribution and is polarized mainly in a direction perpendicular to the cavity length as in experiment. The calculated results are in qualitatively good agreement with the experimental results in Fig. 3 . The small discrepancy between the results may be due to the differences of material dispersion and geometrical parameters in the actual and simulated structures.
In summary, we have demonstrated the nonlinear optical phenomenon of SHG (∼760 nm) in a SiC-based heterostructure photonic crystal cavity by using a high-power, 1560 nm pulsed laser. The SHG light intensity is proportional to the square of the input power, and the conversion efficiency in the cavity was estimated to be 2.59 × 10 −5 ( 0.15 W −1 ) at a maximal input power coupled to the cavity of 0.17 mW. Furthermore, the measured and simulated near-field patterns and polarizations of the SHG light were in qualitatively good agreement. We expect that this demonstration will accelerate the development of SiC-based nonlinear devices with a high efficiency at high powers. 
